INTRODUCTION
Developing processes to produce renewable fuels and chemicals remains important, as fossil fuel reserves are finite and the adverse effects of fossil fuel generated greenhouse gases are well documented (Chen et al., 2011; Von Blottnitz and Curran, 2007) . Using filamentous cyanobacteria for this purpose is an attractive option as they are capable of producing biofuels and chemicals from CO2 and solar energy (Machado and Atsumi, 2012). For example, filamentous cyanobacteria have already been engineered to produce nextgeneration biofuels such as limonene (Halfmann et al., 2014a), farnesene (Halfmann et al., 2014b), and linalool (Gu et al., 2012). Many strains of filamentous cyanobacteria are also diazotrophic, using specialized cells called heterocysts to fix atmospheric nitrogen. These attributes have led to cyanobacteria emerging as a promising platform organism for production of fuels and chemicals (Schoepp et al., 2014). Classical methods of monitoring cell viability, such as viable cell counts and flow cytometry, will not work for filamentous cyanobacteria due to their filamentous morphology (Johnson et al., 2015). Sarchizian and Ardelean (2012) do report using the direct viable count method with epi-fluorescence microscopy on filamentous cyanobacteria isolated from a mesothermal spring for quantification of viable cells. However, many strains of filamentous cyanobacteria tend to aggregate in liquid media making accurate direct counts via microscopy quite difficult. Cell viability information is critical for research purposes (e.g., screening mutants for increased tolerance to biofuels they are engineered to produce), as well as to monitor cyanobacteria performance in photobioreactor (PBR) systems (Jin et al., 2014). One potential option for quantifying viability of filamentous cyanobacteria is the LIVE/DEAD ® BacLight ™ Bacterial Viability Kit (Life Technologies ™ , Carlsbad, CA, USA), which has been successfully used to quantify viability of several types of bacteria (Magajna and Schraft, 2015; Zeidán-Chuliá et al., 2015), including cyanobacteria (Zhu and Xu, 2013). Previously, we determined that this kit does not allow accurate viability estimates of filamentous cyanobacteria, since the non-viable cell indicator propidium iodide (PI) also crossed the intact membranes of viable filamentous cyanobacteria, thereby leading to erroneous results (Johnson et al., 2015) . Thus, alternative methods to quantify viability in filamentous cyanobacteria need to be developed. SYTOX ® Blue is one of several SYTOX ® Dead Cell Stains that should not be able to cross intact cell membranes. This fluorochrome has been successfully used to quantify non-viable cells in bioaggregates (Chen et al., 2007) and in aerobic granules (Adav et al., 2007a) . In this study, SYTOX ® Blue was tested as a method to quantify non-viable filamentous cyanobacteria. To attempt to quantify viability in filamentous cyanobacteria, autofluorescence from the light harvesting pigments phycobiliproteins (PBS) and chlorophyll α were also tested in this study. Fluorescence from the viable cell indicator SYTO ® 9 was compared to absorbance and chlorophyll α content to determine which is a superior method for monitoring viability in conditions even when biomass content is minimal. Finally, SYTO ® 9 was evaluated for monitoring the effect of different cultivation media on cyanobacterial growth in 40 L PBRs.
MATERIALS AND METHODS

Microbial strains, maintenance, and culture conditions
The filamentous, diazotrophic cyanobacterial strain Anabaena sp. PCC 7120, a model species for cyanobacteria (Bryant, 2006; Rippka et al., 1979) , was obtained from the Pasteur Culture Collection (Paris, France). In our previous study, 3 strains of filamentous cyanobacteria were investigated and all had similar results regarding interactions with viable cell indicators (Johnson et al., 2015) . Therefore, in this study we only investigated Anabaena 7120, but are confident the results described herein would be similar for most diazotrophic strains of filamentous cyanobacteria. A putative spontaneous mutant of Anabaena 7120, referred to hereafter as A7120.(0.32t).farn, was isolated during prior directed evolution trials in which Anabaena 7120 was acclimated to 0.32 g/L farnesene (Johnson et al., 2016a). For long term storage, strains were frozen at -80°C in 5% v/v methanol. For short term maintenance, the cyanobacteria were grown on BG11 agar (1.5% agar) (Allen and Stanier, 1968) at pH 7.1 and Filamentous cyanobacteria, such as Anabaena 7120 have great industrial potential due to their capability to be genetically engineered to produce next-generation biofuels while using minimal nutrients. One challenge of working with these microbes is that classical methods of quantifying cell viability are not effective due to their filamentous morphology. Therefore, fluorescent assays were evaluated to determine if they could be used as a reliable indicator of cell viability. Initially, a dual-stain assay using SYTO ® 9 and SYTOX ® Blue was investigated. Fluorescence from SYTO ® 9 was accurately correlated with viable cells; however, SYTOX ® Blue did not work as a non-viable cell indicator due to non-specific binding in both viable and non-viable cells. Autofluorescence from light harvesting pigments was also evaluated as a viable cell indicator, but unfortunately these pigments resulted in several emission peaks that couldn't be captured by a single emission filter. Moreover, certain light harvesting pigments continued to fluoresce after the cell became nonviable. SYTO ® 9 was then compared to absorbance and chlorophyll content to quantify viable Anabaena 7120 in a chemical inhibition testing protocol. This protocol requires a low initial biomass concentration to prevent binding of the chemicals to cell biomass, and at low cell densities SYTO ® 9 was superior to absorbance and chlorophyll content in quantifying viability. It was also determined that incubated at room temperature under constant illumination of 24 µE m -2 s -1 , and then stored at room temperature. Light intensities were measured with a Heavy Duty Light Meter with PC Interface (Extech Intsruments, Waltham MA, USA). In the experiments described below, cyanobacterial cultures were grown either in 27 ml screw capped test tubes, 250 ml Erlenmeyer flasks, or in 40 L PBRs. The 27 ml test tubes had an open top cap with PTFE/silicone septa to allow inoculation and sampling via syringe and needles, and yet prevent the loss of volatile chemicals that were being tested for cell toxicity. Tubes were filled with ~27 ml BG11 with 20 mM HEPES buffer and 0.5 g/L NaHCO3 for a carbon source. The tubes were incubated at room temperature under constant illumination of approximately 24 µE m -2 s -1 using fluorescent lights while rotating at 8 rpm in a Thermo Fisher Scientific™ Labquake™ Tube Rotator (Thermo Fisher Scientific™, Waltham, MA, USA). The 250 ml Erlenmeyer flask trials contained 100 ml of BG11 broth at pH 7.1 supplemented with 20 mM HEPES buffer. Flasks were stoppered with a foam stopper and the opening was covered with aluminum foil. The flasks were incubated in a Lab-Line ® Incubator-Shaker (Lab-Line ® Instruments, Melrose Park, IL, USA) at 30°C and 100 rpm under constant illumination of 19 µE m -2 s -1 using fluorescent lights. PBR trials were conducted in 40 L transparent fiberglass flat bottom tanks (Solar Components Corp., Manchester, NH, USA) that were sparged from the bottom with a mixture of 95-5% air-CO2 at a rate of 0.25 L/L/min. The culture medium consisted of 30 L of cultivation medium and was inoculated with 1.5 L (5%) of an Anabaena 7120 culture that had been grown to mid-log phase. The reactors were incubated at room temperature (20-22°C) under constant illumination of approximately 40 µE m -2 s -1 using fluorescent lights until ~2 days after stationary phase was reached.
Statistical analyses
To conduct post hoc power analysis and to ensure the sample size of each treatment was large enough to achieve statistical power of ≥ 0.95, the G*Power statistical power analysis program was utilized (Faul et al., 2007) . To determine if significant differences existed among the treatments (different cultivation media) on filamentous cyanobacterial growth, a one-way ANOVA was performed using the R statistical software program (R Core Team, 2013). If it was determined by the ANOVA that significant differences did occur, then the Tukey's test was performed to determine among which treatments the statistical differences occurred.
Evaluating SYTOX
® Blue and SYTO ® 9 as a dual-stained assay to quantify viability SYTOX ® Blue and SYTO ® 9 were purchased from Thermo Scientific (Waltham, MA, USA). In a previous study by our research group, it was determined that SYTO ® 9 stains viable filamentous cyanobacteria cells as expected (Johnson et al., 2015). To determine if SYTOX ® Blue fluoresces non-viable cyanobacterial cells at the expected excitation/emission wavelengths, 1 ml of a mid-log phase culture of Anabaena 7120 was chemically killed by exposing it to 10 ml of 70% isopropanol in a 15 ml conical test tube that was incubated at room temperature for 1 h with manual mixing every 15 min. The cells were then recovered by centrifuging at 10,000 rpm for 10 min at room temperature. The cell pellet was then washed in 1 ml BG11 and centrifuged at 10,000 rpm for 1 min at room temperature. Next, the washing step was repeated two additional times and the final cell pellet was resuspended in 1 ml BG11. SYTOX ® Blue was added to the cell suspension at a final concentration of 5 µM. A 100 µl aliquot of the culture was then transferred to a microscope slide for examination by a Cytation ™ 3 Cell Imaging Multi-Mode reader (BioTek ® Instruments, Inc., Winooski, VT, USA). Cyanobacterial cells were observed for fluorescence in the blue spectra by the reader at the maxima excitation/emission for SYTOX ® Blue when the dye is bound to DNA (444/480 nm). To evaluate a dual-stain assay using SYTO ® 9 (for viable cells) and SYTOX ® Blue (for non-viable cells), Anabaena 7120 was grown to mid-log phase in a 250 ml Erlenmeyer flask under the conditions described above. The following protocol was adapted from Johnson et al., (2015). Ten ml of the culture was transferred to a 15 ml conical and processed as shown in Figure 1 to obtain solutions containing equal numbers of viable and non-viable cells. The solutions were mixed in 2 ml ratios of 0:100, 10:90, 50:50, 90:10, and 100:0. In this study, SYTOX ® Blue was used as a replacement for PI as a non-viable cell indicator. In this assay, per the manufacturer's protocol (Molecular Probes, 2004), mid-log cyanobacterial culture is assumed to contain 100% viable cells. Obviously this isn't entirely accurate, but is the basis of the assay that has been used successfully in previous studies (Adav et al., 2007a; Chen et al., 2007). One hundred µl of viable: non-viable cell solutions were pipetted into wells of a 96-well plate in triplicate. SYTO ® 9 and SYTOX ® Blue were added to each well at a concentration of 5 µM for each stain. The plates were then wrapped in aluminum foil and incubated in the dark at room temperature for 15 min. After incubation, fluorescence was measured by a Synergy 2 Multi-Mode Microplate Reader (BioTek ® , Winooski, VT, USA). To measure green fluorescence from SYTO ® 9 stained cells, a fluorescence filter with excitation wavelength 485 ± 20 nm; emission wavelength 528 ± 20 nm was used. To measure blue fluorescence from SYTOX ® Blue stained cells, a fluorescence filter with excitation wavelength 440  30 nm; emission wavelength 485  10 nm was used. For each trial, an empty well was used as a negative control to ensure the microplate reader was working properly. To further investigate SYTOX ® Blue as a non-viable cell indicator, fluorescence data was analyzed from the microplate reader. Each well contained 100 µl of either Anabaena 7120 or BG11, as well as both SYTO ® 9 and SYTOX ® Blue, or one stain individually at a final concentration of 5 µM. An empty well was used as a control to ensure the microplate reader was working properly. To measure fluorescence from the stains, the filters that were described above were used.
Comparison of SYTO ® 9 and autofluorescence as viable cell indicators
To compare SYTO ® 9 and autofluorescence as viability assays in filamentous cyanobacteria, a 40 L PBR containing 30 L BG11 was inoculated as described above. The inoculum had been grown in a 4 L Erlenmeyer flask containing 2 L BG11 in a Lab-Line ® Incubator-Shaker under the conditions described above. After inoculation, the PBR was incubated under the conditions described above, and samples were taken daily for absorbance (OD700) and viability until stationary phase was reached. The samples were taken from a homogenous suspension in the PBR caused by air sparging from the bottom of the reactor. For absorbance, 1 ml samples were measured using a Thermo Fisher Scientific™ Genesys 10S UV-Vis Spectrophotometer (Thermo Fisher Scientific™, Waltham, MA, USA). To measure viability via SYTO ® 9, 100 µl samples were transferred to a 96-well plate and SYTO ® 9 was added to each well at a concentration of 5 µM. Fluorescence was then measured by the microplate reader using the excitation/emission wavelength spectra described above. For viability measurements via autofluorescence, 100 µl samples were transferred to a 96-well plate. There are various wavelengths used in the literature, for example, various emission spectra have been used for chlorophyll α determination, including 681 nm, ( (Gryliuk et al., 2014) . Thus, several excitation/emission filters were tested on the microplate reader to determine which yielded the greatest fluorescence intensity of a mid-log phase culture of Anabaena 7120. The filters tested were (excitation/emission): 520 ± 20 / 620 ± 40; 485 ± 20 / 620 ± 40; 540 ± 25 / 620 ± 40 (all units = nm).
Assessing cell viability in a chemical inhibition test
To investigate if fluorescence from SYTO ® 9 allows for the screening of putative filamentous cyanobacterial mutants that potentially have developed an increased tolerance to toxic chemicals, SYTO ® 9 stain was evaluated for use in measuring the viability of filamentous cyanobacteria that were exposed to farnesene in chemical inhibition tests. Farnesene is volatile (Asai et al., 2016; Ruther and Hilker, 1998), thus screening and acclimation trials needed to be conducted in sealed test tubes to maintain a constant titer of the chemical. As no atmospheric CO2 was able to enter the test tube, 0.5 g/L NaHCO3 was added to the BG11 medium after autoclaving to serve as the carbon source (Hailing-Sørensen et al., 1996; Johnson et al., 2016c; Mayer et al., 2000). Twenty-seven ml test tubes containing ~27 ml of NaHCO3-supplemented BG11, along with 0.032 g/L farnesene, were inoculated with 270 µl (1%) of either a mid-log phase Anabaena 7120 culture or a putative spontaneous mutant A7120(0.32t).farn. Cultures were incubated under conditions described above. Daily samples were taken via a needle and syringe in order to maintain constant titers of farnesene. For viability determinations, 100 µl samples were transferred to a microplate. SYTO ® 9 was added to each well at a concentration of 5 µM, and fluorescence was determined as described above. Absorbance and chlorophyll α were measured by diluting 100 µl samples with 900 µl BG11 in a cuvette. Absorbance was measured at an optical density (OD) of 700 nm. Chlorophyll α was determined using the equation: Chl α content (µg/ml) = 14.96 (OD678 -OD750) -0.616 (OD720 -OD750), and the protocol described by Guoce et al.
(2011).
Assessing cell viability in photobioreactors
To investigate if fluorescence from SYTO ® 9 allows for the comparison of different treatments on the viability of filamentous cyanobacteria in PBRs, Anabaena 7120 was cultivated in various growth media. The cultivation media evaluated were as follows: BG11 (standard BG11 includes sodium nitrate), BG11 supplemented with urea rather than sodium nitrate (BG11U), BG11 without a nitrogen source (BG110), and tap water. The cultivation media containing nitrogen sources (BG11 and BG11U) contained 0.248 g/L nitrogen. The PBRs described above were inoculated with 1.5 L (5%) of a mid-log phase culture of Anabaena 7120. The PBRs were incubated in the conditions previously above described. For daily viability determinations, 100 µl samples were transferred to a 96-well microplate. SYTO ® 9 was then added to each well at a concentration of 5 µM, and fluorescence was determined as described above. to not function properly as a non-viable cell indicator in filamentous cyanobacteria because it also stained viable cells. We postulated that this was due to intercellular channels that allow nutrient passage between cells in the filaments (Mullineaux et al., 2008) . Previously, we had confirmed that SYTO ® 9 caused viable Anabaena 7120 cells to fluoresce in the green spectra (Johnson et al., 2015) . Using the Cytation ™ 3 microplate reader, we confirmed that SYTOX ® Blue caused non-viable Anabaena 7120 cells to fluoresce in the blue spectra (data not shown). These observations were consistent with other studies and information from the stain's manufacturer In each trial, triplicate SYTO ® 9 green and SYTOX ® blue fluorescence measurements were taken for each mixture of viable and non-viable cells. This data was used to calculate the green/blue fluorescence ratio. Error bars represent the standard deviation. The black lines represent the least-squares fit.
RESULTS AND DISCUSSION
Evaluating
To investigate why the correlation equations were not identical for the 3 trials shown in Figure 2 , we assessed the underlying data. Figure 3 Each data point represents the average of triplicate readings, and error bars represent the standard deviation. This data was used to calculate the green/blue fluorescence ratio, which is also shown, along with the least-squares fit line (black line). To ensure that the BG11 medium and the BG11 medium with fluorochromes added was not the cause of inaccuracy in the dual-stain assay, raw data from the microplate reader was also analyzed for samples containing the medium only, as well as the medium with 100% viable cells (Table 1) . For green fluorescence, the average fluorescence intensity readings (arbitrary unit: U) were 433 for the empty well, which was considered background fluorescence. For BG11 + SYTO ® 9 the average intensity was 1,835 U, which is about 4x higher than the empty well and represents the baseline green fluorescence of the medium and the SYTO ® 9 dye. BG11 + SYTOX ® Blue average intensity was 325 U, which suggested that the SYTOX ® Blue dye did not provide any green fluorescence, since the intensity was approximately the same as the background fluorescence reading. BG11 + SYTO ® 9 + SYTOX ® Blue resulted in a fluorescence reading of 1,767 U, which was approximately the same as observed when just SYTO ® 9 was added. The data from the controls described above is what would be expected. Viable Anabaena 7120 cells in BG11 + SYTO ® 9 yielded an intensity of 26,585 U, and this high green fluorescence reading strongly suggested that SYTO ® 9 accurately measured viable cells. Anabaena 7120 in BG11 + SYTOX ® Blue resulted in a reading of only 303 U, which was approximately the same as the background fluorescence reading. Thus, the SYTOX ® Blue dye did not provide any green fluorescence. Anabaena 7120 in BG11+ SYTO ® 9 + SYTOX ® Blue yielded a reading of 28,218 U, and this green fluorescence intensity was approximately the same as observed when only SYTO ® 9 was added. The above data yielded from the treatments with viable cells was expected. Therefore, we concluded that SYTO ® 9 and the resulting green fluorescence correlate accurately with cell viability, and SYTOX ® Blue does not interfere with the green fluorescence. For blue fluorescence, the average fluorescence intensity for the empty well was 2,745 U, which was background fluorescence. BG11 + SYTO ® 9 yielded an intensity of 2,095 U, which suggested that the SYTO ® 9 dye did not provide any blue fluorescence, since the intensity was ~25% lower than the background fluorescence reading. The data also showed that the background fluorescence intensity decreased when the culture medium was added to the well. BG11 + SYTOX ® Blue resulted in an intensity of 1,830 U, which was ~33% less than the background fluorescence reading, but almost identical to the BG11 + SYTO ® 9 reading. Therefore, we concluded that this SYTOX ® Blue dye by itself did not add any additional blue fluorescence, which was expected as the stain is supposed to only yield blue fluorescence when bound to DNA or RNA (Estevez et al., 2011). As BG11 + SYTO ® 9 and BG11 + SYTOX ® Blue yielded virtually identical blue fluorescence, it can be concluded that neither stain contributes to blue fluorescence, and that BG11 medium causes a decrease in background fluorescence compared to the empty well. BG11 + SYTO ® 9 + SYTOX ® Blue fluorescence intensity was 4,160 U, and this intensity was higher than what was observed due to the background or presence of either SYTO ® 9 or SYTOX ® Blue alone. The data from this part of the experiment is logical as the summation of blue fluorescence from BG11 + SYTO ® 9 and BG11 + SYTOX ® Blue (3,925 U) was virtually identical to fluorescence from BG11+ SYTO ® 9 + SYTOX ® Blue (4,160 U). Viable Anabaena 7120 in BG11 + SYTO ® 9 yielded a fluorescence of 4,609 U, which was approximately double of what was observed in the same test without viable cells present. The green fluorescence from viable cells in BG11 + SYTO ® 9 was 26,585 U. The high intensity of this fluorescence, coupled with the close proximity of green and blue on the light scale, was the reason for this increase in background fluorescence. Anabaena 7120 in BG11 + SYTOX ® Blue intensity was 3,051 U, which was 1,200 U higher than in the same test without viable cells present. Similar results were also observed with PI in our previous study, and was confirmed via microscopy to be caused by PI binding to nucleic acids in viable cells (Johnson et al., 2015) However, this stain was not used in conjunction with SYTO ® 9, thus the results cannot be compared. Using SYTO ® 9 and SYTOX ® Blue as a dual-stain viability assay does not work as expected with filamentous cyanobacteria, however this experiment showed evidence that fluorescence from SYTO ® 9 appeared to be an accurate viable cell indicator of filamentous cyanobacteria.
Comparison of SYTO ® 9, absorbance, and autofluorescence as viable cell indicators
Cyanobacteria are known to autofluoresce in the red spectrum ( . We hypothesized that autofluorescence from these light harvesting pigments could be used to assess cell viability, with the additional benefit that no external stains would be needed. The complicating factor of this approach is that photosynthetic pigments can have multiple emission wavelengths. For example, various emission spectra have been used for chlorophyll α determination, For this study, filters with several wavelengths were tested on a mid-log culture of cyanobacteria and it was determined than an excitation wavelength of 540 ± 25 nm and an emission wavelength of 620 ± 40 nm yielded the highest fluorescence values. Figure 4 shows that SYTO ® 9 is a better indicator of viability of filamentous cyanobacteria than autofluorescence from light harvesting pigments. While there are a couple data points in the SYTO ® 9 plot that cause the plot to not have the standard smooth sigmoidal shape expected with microbial growth curves, this plot has a similar shape to another plot in the literature, where SYTO ® 9 was used to monitor cell viability of a microorganism (Yagüe et al., 2010) . Both plots have data points that alter the expected smooth shape of the plot, yet still allow for adequate interpretation of the growth dynamic that is occurring. A possible reason for the weak autofluorescence in Figure 4 was that the emission peaks from each of the pigments is different, thus the assay loses sensitivity. Another reason could be that there are no differences in fluorescence from the pigments in viable vs. non-viable cells. Regardless of the reason, autofluorescence from light harvesting pigments is not a reliable indicator of viability. This concurs with a study by Sato et al. (2004), which concluded that the intensity of fluorescence from the light harvesting pigments was not related to the relative percentages of viable vs. non-viable cells. The fact that the plot generated from fluorescence from SYTO ® 9 is similar to the plot generated by absorbance readings provides further evidence that SYTO ® 9 can be used as a reliable indicator of viability in filamentous cyanobacteria.
Assessing cell viability in a chemical inhibition test
High cell densities can affect the bioavailability and toxicity of chemicals that are being assessed for cell toxicity. This is caused by the adsorption of the chemical onto the living or dead cell biomass. The result can be a reduction in the effective dosage of the chemical, leading to an over-estimation of the tolerance of the organism to the chemical. Thus, it is desirable to use minimal biomass levels in these tests so that the dosage and toxic effect of chemicals can be assumed to be constant (Nyholm and Peterson, 1997; Peterson and Nyholm, 1993) . If the chemicals being tested are volatile, then it is also important that the testing be performed in sealed vessels with minimal headspace, which may limit the volume of sample that can be withdrawn. Larger sample volumes would affect the headspace and potentially alter the results of the chemical inhibition test. Unfortunately, many cell quantification methods are not very accurate at low cell densities and with low sample volumes, and this may be more problematic if one is trying to assess viable cell numbers, rather than total cell biomass. To determine which viability assay was the most accurate and reproducible under low cell density conditions, we evaluated absorbance, chlorophyll α, and fluorescence from SYTO ® 9 in chemical inhibition tests involving farnesene. Farnesene is a long-chain hydrocarbon that filamentous cyanobacteria are capable of being genetically engineered to produce (Halfmann et al., 2014b) . , 2014b) , thus would be a valuable product of an industrial strain of filamentous cyanobacteria. We hypothesized that the fluorescence assay would provide necessary sensitivity compared to absorbance and chlorophyll α when biomass content and sample volumes are low. Figure 5 shows the comparison of 3 cell quantification methods [2 for quantifying viable cells (SYTO ® 9 fluorescence and chlorophyll content) and 1 for quantifying total cells (absorbance)] for screening cyanobacteria in BG11 medium containing 0.5 g/L NaHCO3 as a carbon source and 0.032 g/L of farnesene. For each method, growth of a wildtype Anabaena 7120 strain was compared to a putative mutant Anabaena 7120 strain previously acclimated to tolerate 0.32 g/L farnesene (A7120.(0.32t).farn). A lower titer of farnesene (0.032 g/L) was used compared to what the strain was able to tolerate (0.32 g/L), as this allowed for monitoring growth rather than just survivability. These trials used a low density starting cell inoculum, and were conducted in sealed test tubes where sample volume was limited to 100 µl daily samples. The test tubes contained 27 ml culture, thus the small daily samples had minimal impact on the headspace of the vessel and the concentration of biomass in the test tube. All samples for all assays were taken from the same tube at the same time in these trials. As only 100 µl samples were taken, the cultures had to be diluted with BG11 in order to have enough volume to accurately use the spectrophotometer. Fluorescence from SYTO ® 9 was the only method that provided typical growth curves under these conditions of low cell density and small sample size. Even though the error bars are large in the SYTO ® 9 plot, the assay was still able to distinguish a difference between the acclimated strain and the wildtype. As the daily sample size was limited, it was necessary to dilute the sample to obtain sufficient volumes for measurements in the spectrophotometer, which likely diluted the biomass (measured as absorbance) and chlorophyll α levels to or below the sensitivity level of the spectrophotometer. Presumably, this is at least partially responsible for the high degree of variability shown in the absorbance and chlorophyll α plots. The large error bars in Fig. 5 probably occurred due to the small biomass levels. Any amount of random or experimental error with values that low would yield large error bars. Further evidence that low biomass content caused the large error bars can be observed by comparing Fig. 5 to Fig. 4 , which had greater biomass content. The error bars are much smaller in Fig. 4 even though the method for measuring viability was identical. As mentioned earlier, high cell densities will yield inaccurate results in chemical inhibition tests, thus the biomass concentration must be kept to a minimum. The conclusion reached in this part of the study concurs with a study by Mayer et al. (1997) , that states that absorbance is considered to have borderline sensitivity and precision at the low biomass levels required for toxicity tests. All 3 growth parameter measurements were taken from the same culture at the same time, thus fluorescence from SYTO ® 9 is a superior method when cell density and/or sample size are limited.
Assessing cell viability in photobioreactors
It was previously shown in this study (Fig. 4) that absorbance (total cell biomass) and the fluorescence assay (viable cell biomass) are capable of quantifying cyanobacterial growth when biomass and sample volumes are not limited. We postulated the fluorescence assay would be a preferred alternative to absorbance, because the former only measures viable cells. There is also the potential to use smaller sample volumes and detect smaller differences in cell numbers. Therefore, we evaluated the use of the fluorescence assay to monitor viable cyanobacterial cells in 40 L PBR trials that compared various cultivation media. Figure 6 shows the effect of different cultivation media on the growth of Anabaena 7120 as measured by fluorescence from SYTO ® 9. The definitions for the 3 growth parameters measured from the fluorescence assay are as follows: maximum viability is the maximum fluorescence value during a trial, percent increase in viability is the final fluorescence divided by the initial fluorescence, and viability rate of change is the maximum viability divided by the incubation time. The 3 parameters measured allowed for a more robust analysis of the dynamics of filamentous cyanobacterial growth. In all cases, BG11 (contains sodium nitrate) resulted in the most growth. Tap water resulted in the least growth, and BG11 supplemented with urea (BG11U) and BG11 with no combined nitrogen source (BG110) were statistically similar. Replacing sodium nitrate with urea resulted in reduced growth compared to BG11 in 2 of the 3 parameters measured. Cultivating Anabaena 7120 in BG11 supplemented with urea rather than sodium nitrate also led to decreased growth in studies by Wang and Liu, (2003) and Johnson et al., 2016b. The results of this experiment allowed us to conclude that SYTO ® 9 was capable of detecting differences in cyanobacterial growth due to differences in growth media. Thus, this assay is an attractive option for industrial microbiologists interested in evaluating large-scale processes involving filamentous cyanobacteria.
Figure 6
Comparison of different cultivation media on 3 growth parameters of Anabaena sp. PCC 7120 using fluorescence from SYTO ® 9 as a viable cell indicator. Each trial contained ≤ 4 replicates. A: maximum viability during a trial; B: percent increase in viability; C: viability rate of change. Different lower case letters indicate a statistical difference occurred among the treatments as determined by a Tukey's test. BG11: standard cyanobacterial growth medium containing sodium nitrate; BG110: BG11 with no combined nitrogen source; BG11U: BG11 supplemented with urea rather than sodium nitrate; H2O: tap water.
CONCLUSIONS
The study described herein showed that SYTO ® 9 is a reliable and accurate indicator of filamentous cyanobacteria viability. SYTOX ® Blue did not work as a non-viable cell indicator in filamentous cyanobacteria and led to erroneous results similar to those we previously reported for the non-viable cell indicator PI (Johnson et al., 2015) . Thus, it can be assumed that the other SYTOX ® Dead Cell Stains will also not work as non-viable cell indicators in filamentous cyanobacteria because they have the same mode of action. Potentially, this could be caused by the intercellular modes of transporting nutrients, allowing PI and SYTOX ® Blue to penetrate viable cell membranes. Determining the cause of nonspecific binding of non-viable cell indicators in filamentous cyanobacteria is a future direction of this research. Microscopic evidence of non-specific binding of PI in filamentous cyanobacteria can be observed in a study by Johnson et al. (2015) . Autofluorescence from light harvesting pigments was also not a practical method to monitor viability, presumably due to the intensity of fluorescence from the pigments not relating to the relative percentages of viable vs. non-viable cyanobacterial cells. Fluorescence from SYTO ® 9 is preferred for monitoring viability of filamentous cyanobacteria under conditions of low biomass concentrations compared to absorbance and chlorophyll α. A sealed system with low biomass content is needed for various applications, such as screening mutants for increased tolerance to next-generation biofuels. Small sample volumes should also be taken in these tests so that the headspace of the system does not affect the chemical titer in solution. With small sample volumes and the low biomass content, it is not possible to obtain accurate absorbance and chlorophyll α content results. However, it is possible to use SYTO ® 9 as a viability indicator under these conditions. In 40 L PBR trials where sample size was not limited, fluorescence from SYTO ® 9 was capable of detecting differences in cyanobacterial growth caused by differences in growth media. We believe this method is preferred compared to absorbance due to the fluorescence assay's capability of measuring only viable cells, whereas absorbance measures total cells and cell debris. The results of this study and our prior work (Johnson et al. 2015) show that SYTO ® 9 is a reliable, accurate indicator of viable cells in filamentous cyanobacteria. While this study only used Anabaena 7120, it is a model species for filamentous cyanobacteria (Bryant, 2006; Rippka et al., 1979) . Also, previous work by our research group investigating a fluorescence assay used several filamentous cyanobacterial strains, including Anabaena 7120, and they all produced identical results with respect to the fluorescence assay (Johnson et al., 2015) . Thus, we are confident the results of this study are applicable to other strains of filamentous cyanobacteria. Measuring fluorescence from SYTO ® 9 in a microplate reader allows for high-throughput data collection, which further adds to its potential. Applications of the SYTO ® 9 described in this study include monitoring cultures in PBR systems and screening mutants for increased tolerance to next-generation biofuels.
